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Human Tissue Engineered Small Diameter Blood Vessels 
Melissa S. Arief  (Sponsored by Laura Niklason). Dept. of Anesthesiology, Yale 
University, New Haven, CT. 
The engineering of human vascular grafts is an intense area of study since there is 
crucial need for alternatives to native vein or artery for vascular surgery. This current 
study sought to prove that a tissue engineered blood vessel (TEBV) 1mm in diameter 
could be developed from human smooth muscle cells and that endothelial progenitor cells 
(EPCs) could be cultured and used to endothelialize these grafts. This project had four 
specific aims: the isolation and characterization of EPCs, the seeding of a novel scaffold 
with EPCs and exposure to physiologic shear stress in vitro, the development of TEBV 
from human smooth muscle cells that are strong enough to implant in vivo, and the in 
vivo implantation of TEBV into the rat aortic model with a comparison of EPC seeded 
TEBVs pretreated with shear stress and unseeded TEBVs.  The results yielded isolation 
of four EPC lines and a flow system design capable of seeding EPCs onto a novel 
scaffold with preliminary studies indicating that it is capable of exposing the EPCs to 
physiologic shear stress, although further studies require more optimization. The 
development of mechanically strong TEBV was highly successful, yielding TEBVs 
comparable to native vessels in collagen density and burst pressure, but with much lower 
compliance.  Current implantation studies indicated that unseeded TEBV grafts 
implanted into the rat aorta without anticoagulation is highly thrombogenic. However, 
anticoagulation using Plavix may be capable of maintaining graft patency.  These TEBVs 
did not rupture or form aneurysm in vivo and the future completion of the in vivo studies 
are likely to demonstrate the high potential of these grafts. 
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Cardiovascular disease is the leading cause of mortality in the United States.  
Over a million arterial bypass procedures are performed annually in the United States that 
require autologous vessel or synthetic grafts to replace coronary or peripheral arteries (1, 
2).  More than 500,000 coronary bypass artery graft procedures are implanted annually in 
the United States, and greater than 100,000 amputations are performed each year (3, 4).  
The options for a bypass procedure include autologous artery or vein, prosthetic material, 
and cadaveric vein.  Autologous tissue is the material of choice, however autologous 
tissue in many patients may not be available or maynot be suitable.  Prosthetic materials, 
such as PTFE and Dacron, perform well for large diameter arteries in peripheral vascular 
disease.  In contrast, no prosthetic material is sutable for small diameter applications.  
Another growing area of need for bypass-procedures is hemodialysis; greater than 
250,000 patients requiring chronic hemodialsysis access and frequent graft placement (5).  
The initial preferred treatment is an arteriovenous fistula, although investigators have 
found a lack of superiority in some subgroups (6, 7).  Tissue engineering technology has 
the potential to generate engineered arterial grafts for multiple applications in 
cardiovascular procedures (8).  
 
Hypothesis & Specific Aims 
Tissue engineering technology has the potential to generate engineered arterial 
grafts. The ideal engineered graft would be readily available, small in diameter, strong 
enough that it will not rupture or form aneurysm, cause minimal immunorejection, be 
compliant, and be antithrombogenic. Previous studies in the lab have shown that it is 
possible to design bovine and porcine tissue engineered vessels that are 3mm in diameter 
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that are strong enough for implantation in vivo using a bioreactor set up that allows the 
vessels to grow with radial distention. Earlier work with adult humans cells to produce 
similar vessels have been unproductive due to limitations in proliferation of the adult 
human smooth muscle cells previously utilized by the lab.  The intention of this project is 
to isolate new smooth muscle cell lines from younger human donors, redesign the 
bioreactor to allow the development of 1mm diameter tissue engineered, and optimize 
conditions for the cells to develop into a vessel that is mechanically strong enough for 
implantation in vivo. These vessels can then be effctively decellularized to remove 
immunogenic components while still maintaining struc ural integrity. 
Regarding the issue of antithrombogenicity when these TEBVs are implanted in 
vivo, the development of a functioning endothelial lining should increase the patency of 
these vessels. Recent advances in our understanding of e dothelial cells derived from 
endothelial progenitor cell (EPCs) biology has generated intense interest is utilizing these 
cells to create non-thrombotic vascular grafts. These cells can be isolated from peripheral 
blood as opposed to vessel harvest for mature endothelial cells (ECs) and differentiated 
from other similar cell lines by the use of specific cell surface markers. Studies have 
shown that these EPCs  may be more robust for reconstituting vasculature than 
differentiated ECs (28, 29) and that they have much greater proliferation potential than 
differentiated EC derived from adult donors. There have been several initial reports of 
seeding EPCs onto vascular grafts (34-39); however these early studies have been 
hampered by a lack of sophisticated approaches to condition grafts using arterial shear 
stress prior to implantation (40). This project plans to isolate EPCs from cord blood and 
matched mature human umbilical vein endothelial cells (HUVECs) and develop a system 
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that allows these cells to be seeded on either a novel scaffold or TEBV and exposed to 
shear stress, thereby inducing the upregulation of antithrombogenic factors.   
The overall goal of this project is the development of 1mm TEBVs created using 
adult human smooth muscles cells that can be seeded with endothelial cells derived from 
peripheral blood and pretreated under shear stress to increase patency when implanted in 
vivo. The hypothesis of this project is that human smooth muscle cells can be used to 
engineer 1mm in diameter human tissue engineered blood vessels that are strong enough 
to implant in vivo. Further, that these TEBVs can be seeded with endothelial cells adding 
to its antithrombogenicity when compared to unseeded TEBVs in vivo.  
Specific Aim 1: 
To characterize human endothelial cells EPCs in vitro.  Confirm morphologic and 
phenotypic properties of EPCs by evaluation of immunohistochemistry and fluorescence-
activated cell sorting (FACS). Mature HUVECs will be used as a control.  
Specific Aim 2: 
To evaluate human EPCs in vitro under physiological shear conditions. The 
studies of human EPCs exposed to shear stress will be performed on a novel scaffold and 
tissue engineered grafts.  The morphology of endothelial cells will be analyzed by 
histology and immunohistochemistry.  Endothelial cell function will be evaluated by 
protein analysis of eNOS, prostacyclin, and thromboodulin.  The mature HUVECs will 
serve as a control. 
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Specific Aim 3: 
To isolate smooth muscle cells from the human aorta, use these cells to produce 
tissue engineered blood vessels 1 mm in diameter under pulsatile radial distension and to 
successfully decellularize the vessels.    The streng h of the vessels will be assessed using 
burst pressure and suture retention strength testing.  The structure of the vessels will be 
evaluated using histology and biochemical compositional assays. 
Specific Aim 4: 
To perform in vivo studies using a rat aortic model comparing TEBVs seeded 
with EPCs to unseeded grafts both with anticoagulation and without. The cells will be 
seeded onto the grafts pretreated under shear stress as determined by specific aim 2. The 
implanted grafts will be evaluated for rupture, changes in dimension due to aneurysm, 
and rate of thrombosis.  The morphology of explanted graft materials will be analyzed by 
histology, immunohistochemistry, SEM, and protein analysis.  
Background 
Development of Tissue-Engineered Vessels  
 An approach developed by L’ Heureux et al in self-assembled vascular grafts has 
proved encouraging.  L’Heureux et al constructed tissue-engineered blood vessels 
(TEBVs) using adult fibroblasts extracted from skin biopsies that were grown into 
fibroblast sheets and used to assemble the TEBVs.. The TEBVs consisted of three 
components: a living adventitia, a decellularized internal membrane, and an endothelium-
derived from seeded endothelial cells (ECs). These grafts were implanted into a nude rat 
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model for long-term evaluation studies.  The TEBVs were antithrombogenic and 
mechanically stable for up to 8 months in vivo (9).  
 Another model by Campbell and colleagues used the intraperioteneal graft model 
which uses the peritoneal cavity as an in situ bioreactor for the creation of tubular 
construct that is created from layers of the host’s own cells.  Tubing is inserted into the 
peritoneal cavity and becomes encapsulated in myofibroblasts and mesothelial cells. 
After 2-3 weeks, the construct can be harvested and grafted into the host.  These grafts 
were patent in rabbits for 16 months and dogs for 6.5 months (10). 
 Furthermore, several biocompatible and biodegradable polymers have been used 
as scaffolds for the construction of engineered vessels, among which polyglycolic acid 
(PGA) is one of the most commonly used.  In studies one by Niklason et al, smooth 
muscle cells (SMCs) were seeded onto biodegradable PGA scaffolds and placed around 
highly distensible silicon tubes which then underwent 8 weeks of pulsatile stretch in a 
bioreactor before being seeded with ECs on the luminal surface of the graft.  Using this 
method, Niklason et al successfully engineered bovine and porcine arteries with an 
internal monolayer of ECs and a thick muscular layer of SMCs that were strong enough 
for implantation, which were patent in vivo up to 1 month of observation (11, 12, 13).  
Currently, work is being done in order translate this work to adult humans cells which 
were initially complicated due to the use of terminally differentiated SMCs which have 
limited proliferative capacity in older human donors.  Mckee et al to address this issue 
introduced hTERT, which has been shown to extend the replicative life of human cells, 
into human SMCs. This resulted in the cells proliferating far beyond their normal life 
span and allowing for the engineering of mechanically robust human vessels (14). 
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Decellurization of Tissues and Organs 
 Decellularized tissues and organs have been successfully used in a variety of 
tissue engineering and regenerative medicine applications. There are a variety of 
decellularization methods that have varying affects on biochemical composition, tissue 
ultrastructure, mechanical behavior of the remaining matrix, and the host response to the 
material. The goal though is to effectively and efficiently remove all cellular and nuclear 
material while minimizing any adverse effect on the remaining extracellular matrix (15).  
Roy et al describes a detailed evaluation on the biomechanical properties of 
decellularized porcine common carotid arteries which concluded that decellularization 
can yield vessels that can withstand high pressures but do have markedly different 
geometrical and biomechanical properties when compared to native. This studies 
indicates that compliance and geometrical mismatch may be of concern (16). 
  Previous work in the Niklason lab has been done o developing a protocol to 
decellularize human umbilical arteries and been applied to bovine TEBVs. This work has 
shown minimal difference in collagen content from fresh to decellularized but in post 
treatment vessels there remains very little DNA materi l. These decellularized human 
umbilical arteries were then implanted in the rat aortic model and remained patent for 8 
weeks (17).  
Endothelial Cells and the Current Status of Endothelial Progenitor Cells Identification 
Endothelial cells form a continuous lining of the cardiovascular system, and the 
functions of the endothelial cells include barrier, hemostasis, regulation of vascular tone, 
inflammation, wound healing, angiogenesis, and regulation of fibrinolytic pathway (18).  
Endothelial cells create an anti-thrombotic environme t by expression of nitric oxide, 
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prostaglandin I2, tissue plasminogin activator, and thrombomodulin.  Since the early 
cause of failure in small diameter vascular grafts is thrombosis, the anti-thrombotic 
property of endothelial cells has attempted to be utilized in coating PTFE or Dacron.  In 
human trials, the results of endothelial coated PTFE infrainguinal grafts have not shown 
significant improvement over non-coated PTFE grafts (19, 20, 21).   
 EPCs are widely described as cells that co-express the urface antigens CD34 (an 
adhesion molecule involved in hematopoiesis), AC133 (a marker expressed on 
hematopoietic stem cells and progenitor cells of unknown function), and vascular 
endothelial growth factor receptor-2 (VEGFR-2) (involved in angiogenisis). However, it 
was found that these antigens are also expressed on certain subpopulations of 
hematopoetic progenitor cells (HPCs) that form monocytes.  In a recent study published 
in 2007 by Ingram et al, a method of distinguishing between these two cell populations 
was established.  The HPCs that form monocytes were found to express the 
hematopoietic lineage-specific antigen CD45, while EPCs that form endothelial colonies 
do not.  This indicates that EPCs can be adequately separated from HPCs by additionally 
sorting for CD45- cells (22).   
 Affect of Shear Stress on ECs and EPCs 
It is widely known that shear stress has many effects on endothelial cells which 
include the increased regulation of antithrombgonic factors by endothelial cells.  Shear 
stress on endothelium is important to maintaining vascular patency. Exposure to shear 
stress changes the morphology of endothelial cells and increases the regulation of these 
factors.  The change in cell morphology is demonstrated by the cells aligning in the 
direction of flow at high levels of shear stress.  In particular, the expression of eNOS has 
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been shown to increase with exposure to shear stress, in a time dependent and rate 
dependent fashion. (41-45) 
Studies indicate that, like mature endothelial cells, EPCs also upregulate these 
factors when exposed to different levels of shear stres .  In particular factors such as 
Cu/Zn, superoxide dismutase (SOD), eNOS, prostaglandin I2 (PGI2), tissue plasminogen 
activator (t-PA) are increased (23-27).  
Pre-Clinical and Clinical Studies using EPCs for Re-vascularization 
 Several studies suggest that EPCs may be more robust for reconstituting 
vasculature than differentiated ECs and may have clinica  implications for 
neovascularization (28,29). 
In humans, several randomized controlled trials have shown efficacy of 
autologous EPC or bone marrow cell fractions (BMCs) in vascular regeneration.  In 
2006, two studies (Assmus et al and Schachinger et al) were published that evaluated the 
effect of intracoronary transplantation of progenitor cells in patients who experienced an 
acute myocardial infarction (30, 31).  Both these studies demonstrated that the 
transplantation of BMCs was associated with moderate but significant improvement in 
left ventricular ejection fraction after 3-4 months. In the study by Assmus et al, an 
additional comparison was made using cells derived from the circulating blood (CPCs) 
that did not show significant improvement over placebo.  The article suggested this was 
due to the limited number of progenitor cells and the possibility that these cells 
themselves have functional impairment (31).  These studies point to several important 
aspects of this type of research.  First, intracorona y use of these progenitor cells is both 
feasible and safe in patients. Second, that there is some efficacy for the use of them in 
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increasing recovery post vascular injury.  Third, it is important to characterize the cells 
from both the bone marrow and circulating blood to assess for their functionality.  
Seeding Endothelial Progenitor Cells onto Vascular Grafts 
 There have been several initial reports of seeding EPCs onto vascular grafts, 
either tissue engineered or synthetic materials with promising results (36-40).  
In animal models, circulating EPCs can passively attach to implanted grafts and 
decrease neointima formation following vascular injury (32, 33).  In a study by Kaushal 
and colleagues in 2000 (34), EPCs were isolated from peripheral blood of young sheep, 
expanded ex vivo, seeded onto a decellularized porcine iliac artery, and implanted as a 
carotid interpositional graft in sheep.  The fluoresc nt EPCs covered approximately 80% 
and 10% of the graft lumen at 15 and 130 days post-implantation, respectively.  The 
EPC-seeded grafts remained patent for 130 days and no -seeded grafts occluded within 
15 days. To assess the endothelial function, endothelial-dependent relaxation with 
acetylcholine demonstrated maximal relaxation of the EPC-seeded graft similar to native 
carotid artery (34).   
He et al (35) isolated EPCs from peripheral veins of dogs, expanded ex vivo, and 
lined EPCs on in situ-formed collagen type I meshes as an extracellular matrix that was 
wrapped with a segmented polyurethane thin film.  The grafts were explanted from 
canine carotid arteries at 1 and 3 months, and immunochemistry demonstrated positive 
staining corresponding to the EPCs.  The feasibility to isolate, expand, and transplant 
endothelial progenitor cells has been successfully demonstrated.  A rapidly progressing 
area of EPC research is to determine if EPC coated vascular grafts have a clinically 
significant increase in patency rates. 
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In addition, studies indicate that exposure to shear stress prior to implant in vitro 
improves adherence rates prior to implantation of gra ts in vivo (34, 40, 41, 42).  
Statically seeded endothelial cells can achieve 70-90% coverage of prosthetic grafts.  
However, shear stress studies with ECs on grafts or slides have demonstrated that 
immediately increasing shear stress to arterial rates (15-25 dynes/cm2) results in loss of 
endothelial cells.  If the shear stress is increased gradually over time (period of hours to 
days), the adherence rate remains high.   
Methods: 
Isolation of Endothelial Progenitor Cells 
 Cord blood from the placenta and the umbilical cord are obtained from the Labor 
and Delivery floor of Yale New Haven Hospital.  The umbilical cord is given to a lab in 
the Vascular Biology group to isolate the endothelial cells from the umbilical vein via 
trypsinization. The cord blood is brought to the lab and added to accupsin tubes 
containing histopaque.  Each tube receives ~15-30ml of cord blood and diluted with 
HBSS to 50 ml.  The tubes are centrifuged at 800g for 15 min at 20°C. Using a syringe, 
the buffy coat containing cells from the blood is isolated and then added to 2 new conical 
tubes.  HBSS is added to 40 mL in each of the 50ml conical tubes. The tubes are then 
centrifuged at 1400rpm for 10 min. Cells are resuspended at centrifuged at 1200rpm for 8 
min.  Then again at 1200 rpm for 6 min.  Cells are then resuspended in EGM-2MV cell 
culture media.  Cells are plated between 2.5x10^7 and 1.0x10^8 per C6 well. Generally, 
60 ml of cord blood yields 1 C6 plate.  The wells are coated with fibronectin at 0.016mg 
per well.  3 ml of media are added to each of the wells.  Cells are allowed to adhere for 4 
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days without media change.  On day 4 media is changed without washing.  Around day 6 
colonies are noted.  Media is changed to EGM-2MV +20% FBS.  Media is changed every 
2-3 days tapering down the serum with +10% and +5% FBS.   
Growth Curve for EPCs and HUVECs 
 
 One matched line of EPCs and HUVECs and one unmatched line of EPCs was 
selected to produce growth curves.  On day #1, two flasks of each cell type were seeded 
with 100,000 cells each.  Once flasks reached conflue cy (4-5 days with one media 
change between) cells were split and new flasks (2 each) were again seeded with 100,000 
cells.  This was done over 7 weeks (or 49 days). Population doublings for each cell type  
was then calculated and charted. 
 
Staining Endothelial Cells 
 Cells are plated on bovine gelatin coated sterile glass coverslips in 6 well plates.  
Cells are then allowed to grow to 100% confluency and then fixed with 3.7% 
paraformaldehyde for 20 min at room temperature.  Clls are then washed 3x with PBS.  
Coverslips are transferred to rest cell side up on glass slides.  They are then blocked with 
3% serum for 20-40 min at room temperature.  Primary antibody at the appropriate 
dilution is added to coat the coverslips.  The antibody is allowed to bind overnight at -
20°C or for 1 hour at room temperature. Slides are then washed with 3x with PBS.  The 
secondary antibody is then prepared at the appropriate d lution and added to the slides.  
Slides are allowed to sit in darkness for 1 hour at room temperature. Slides are then 
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washed 3x with PBS.  The coverslips were then stained with DAPI to highlight the 
nucleus and then flipped over cell side down onto fresh glass slides.   
Seeding Studies 
 Connectors are inserted into each side of the desired graft and sutured using silk 
suture.  The graft with connectors is then inserted into the flow chamber (setup depicted 
in Figure 1).  The graft is then coated with fibronectin for 1 hour.  The graft is then rinsed 
3x with PBS to remove residual fibronectin.  Cells are split and resuspended into the 
appropriate volume for  injection into the graft.  The cells suspended in media are then 
injected into the graft and both ends are sealed.  The flow chamber is then rotated over 
the course of 4-6 hours to allow the cells to adhere.  Excess cells are then rinsed off with 
media.  The flow system is connected and primed with media.  The flow system is set at 
the minimal flow rate for 2 days.  Then flow is slow y to turned up to the desired shear 
either 1-2 dynes for low shear and 10-12 dynes for high shear over the course of 24 
hours. The flow rate and shear is calculated using Equation 1. The flow system is allowed 
to run for 24 hours with the desired shear before harvesting the graft. 
Equation 1: 
 
µ is viscosity, Q is volumetric flow rate, b is width, h is height. 
Protein Isolation and Western Blotting 
 Protein is isolated using a protease inhibitor in MP-40 buffer solution.   Samples 
are crushed using mortar and pestle chilled using liquid nitrogen.  Samples are placed in 
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the 4°C cold room on a rocker for 1 hour.  Samples are sonicated and centrifuged for 25 
min at 1400 rpm.  Supernatant is isolated and protein quantified using the Bradford 
Assay.   
 For Western blotting, 25-30 ug of protein is loaded onto gel with standard ladder.  
The gel is run at 60V for 30 min and then 100V for 60 min.  Protein is transferred to a 
membrane from the gel using the electroblot method for 90 min at 100V. Samples are 
blocked with non-fat dry milk in TBST for 60- 90 min.  Primary antibody in proper 
concentration is allowed to bind for 1 hr room temperature or overnight at 4°C. Samples 
are washed, then secondary added for 1 hour at roomtemperature. Chemiluminscence is 
achieved with Supersignal West Pico Chemiluminescent substrates and developed in a 
dark room with the appropriate exposure time.  
 
Isolation of Human Smooth Muscle Cells 
 Sections approximately 3 cm in length of human aorta from near the aortic arch 
were obtained from transplant donors during organ harvest.  Sections were placed in 
normal saline and transported on ice to the laboratory with a minimal storage time of 1 
hour.  Using sterile instruments in the laboratory hoods the media layer of the aorta was 
isolated by using a scalpel to gently scrape off the intima layer and fine forceps to isolate 
and remove the advential layer. The sections were further divided into pieces 
approximately .3cm by .3cm. The pieces (about 20-30 pieces/per flask) were placed 
lumen side down on T75 falcon flasks coated in 1% bovine gelatin.  M199 with 20% 
bovine serum and 1% Penicillin/streptomycin were then added to the flasks.  Flasks were 
then stored at 40°C to allow the smooth muscle cells to migrate out of the aorta. Media 
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was changed every 3 days.  After  2-3 weeks smooth muscle cells reached confluency and 
at that time the pieces can be discarded or placed in new flasks for further smooth muscle 
cell isolation.  Confluent flasks were then divided into three T75s and allowed to reach 
confluency (see Cell Splitting).  At this time a separate T25 flask was set aside in media 
without antibiotics for mycoplasma testing (see Mycoplasma Testing).  The cells were 
frozen (see Freezing Cells) at passage 3 and placed in mycoplasma free liquid nitrogen 
storage at -80°C . 
Cell Splitting 
 New flasks are coated with 1% bovine gelatin and allowed to sit for 20 min.  The 
flasks are then rinsed twice with sterile PBS. For cell splitting, media is removed from 
the flasks and cells are washed 1-2 times with sterile PBS.  Gibco Trypsin 0.25% is then 
added to completely cover the cells.  Flasks are allowed to sit 5 min in the incubator.  
Trypsin is then used to gently wash the cells off the bottom of the flask.  A microscope is 
used to ensure the cells are appropriately trypsinized. Trypsin is then removed and placed 
in a conical tube. Flasks are then washed with an equal volume of media and that solution 
is added to the conical tube.  The cells are then pelleted in a centrifuge for 5 min at 1200-
1400 RPM.  The supernatant is poured off and discarded.   The pellet of cells is then 
resuspended in media and divided into the appropriate number of flasks. 
Mycoplasma Testing 
 Cells are cultured in a T25 flask in media without an ibiotics.  A small sample of 
the culture’s media is taken and processed using the Lonza MycoAlert Mycoplasma 
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Detection Kit and then analyzed by using a luminometer. Further, PCR testing of the cells 
in performed to ensure the absence of mycoplasma. 
Freezing Cells 
 Cells are isolated and pelleted following the same procedure described in “Cell 
Splitting”.  Once the pellet is obtained the cells are then resuspended in media plus 10% 
DMSO.  Then the cells are divided into the appropriate number of 1ml cryotubes.  The 
tubes are then placed in containers with isopropyl alcohol and allowed to cool overnight 
in the -80°C freezer before being added to the -80°C liquid nitrogen dewar for storage.  
Thawing Cells 
 Flasks coated with 1% bovine gelatin are prepared nd warm media is added to 
flasks.  For thawing the human smooth muscle cells DMEM with 20% bovine serum and 
1% penicillin/streptomycin is used.  Frozen cells from the liquid nitrogen dewar are 
placed in the warm water bath and allowed to thaw.   The entire contents of the 1 mL 
cryotube is then added to the prepared flasks.  After 24 hours fresh media is added to the 
cells.  
Histology 
 Samples are cut for histology are usually 0.5 cm in length.  The samples are then 
placed in formalin in a microcentrifuge tube and then allowed to fix overnight at 20°C.  
Samples are then washed 3x with PBS and placed in mesh cassettes.  The cassettes are 
placed in PBS and given to histology to be paraflim e bedded and cut.  
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Tissue Engineering 1mm Diameter Blood Vessels 
 The bioreactor is set up with the appropriate length tubing and connections.  Each 
of the pieces is autoclaved. Nine cm by 1.1 cm of PGA mesh is sutured over 1mm 
diameter silicone tubing 20cm in length using uncoated 6.0 dexon suture starting with 
three surgical knots and followed by a continuous locking stitch.  The PGA mesh 
“vessels” are then treated in a 1M NaOH bath for 1-2 minutes then washed in three 
separate dH20 baths and patted dry between each wash.  The vessels are then dried under 
the hood with the blower for 20mins.  Dacron stubs 1 cm in length are sutured to each 
end of the PGA mesh with an overlap of 2-3mm using 4.0 prolene suture.  Suture is then 
threaded over the edge of the Dacron to create a purse string knot.  The prepared mesh 
vessels are then soaked in 100% ethanol for 20-30 min and the bioreactor and vessel 
tubing is assembled in the hood using sterile technique.  The bioreactor is then soaked in 
the ethanol for 20 min.  The vessels now situated in the bioreactor is then washed with 
sterile water.  The bioreactor then is treated under UV light for 5 min and then allowed to 
dry in the hood overnight.  
 The following day, the flow system (which includes the autoclaved tubing, an IV 
bag as a reservoir, and a pressure monitor) is assembled in the hood using sterile 
technique (Figure 2).  250 ml of PBS with 1% amphotericin is added to the reservoir and 
used to prime the entire system. Smooth muscle cells are then trypsinized, pelleted, and 
resuspended in 480ul/per vessel and carefully added to the mesh vessels within the 
bioreactor. Adding the bioreactor lid to the top of the bioreactor, which is fitted with 
feeding access ports, closes the system.  The bioreact r with flow system is placed into 
the incubator and fresh bioreactor media is added to the bioreactor after the cells have 
been allowed to adhere to the mesh for 15 mins. The bior actor remains static for 1 week.  
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After 1 week the flow system is turned on and the pressure is allowed to equalize for 1 
day. Then the pressure is adjusted to be in the desire  range of 200-250mmHg/-10-
10mmHg.  
Media is changed after 1 week, with the removal of ~200ml of media and the 
addition of a similar volume of fresh media. This is done every 5-7 days.  Vitamin C is 
added twice a week. 
Collagen Assay 
 30mg of fresh sample is lyophilized overnight.  The sample is then digested in a 
papain solution.  The sample and solution is incubated t 60°C water bath overnight (16-
24hrs) until the tissue is fully digested and dissolved.  Samples are then hydrolyzed 
overnight in 6N HCL at 115°C in a small oven.  Methyl red is then added to each of the 
samples.  Then 2.5M NaOH solution is added to the tub s to neutralize the solution.  
Then 0.5M HCL is used to balance the solution and then 0.5M NaOH is added to further 
neutralize the solution.  Samples are then added to scintillation vials for assay and a 
solution of chloramine-T is added to the samples.  pDAB solution is then added to the 
samples and they are then incubated at 60°C for 20 min.  The samples are then plated and 
read using a spectrophotometer.   
DNA Assay 
 30mg of fresh sample is lyophilized overnight.  The sample is then digested in a 
papain solution.  The sample and solution is incubated t 60°C water bath overnight (16-
24hrs) until the tissue is fully digested and dissolved. A Quant-iT PicoGreen dsDNA 
Reagent and Kit is used for the analysis.  Standards re prepared according to the kit’s 
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protocol.  Samples are run in triplicate and results are read using a fluorimeter set at an 
excitation wavelength of 485nm and an emission wavelength of 535nm. 
Burst Pressure 
 A flow system is set up according to diagram 2, which consists of a closed flow 
system with a manual pressure gauge and a pressure monitor connected to a computer.  
Approximately 2 cm of vessel are placed on connectors to become part of the flow loop.  
The ends are tied down to the connectors using 4-0 silk. Pressure is calibrated using the 
manual pressure gauge.  The pressure is then recorded n the computer. Pressure is 
slowly increased at a rate of 100mmHg/sec until rupture of the vessel occurs.   
Suture Retention 
 5-0 nylon is passed through the vessel approximately 2-3mm from the end of the 
vessel and tied into a small loop.  The other end is held using a pair of clamps that is then 
suspended above the bench affixed to a standing appar tus.  Weights attached to hooks 
are placed through the loop and the vessel allowed to maintain the weight.  The weight is 
increased by 5g each addition until the suture is pulled through the end of the vessel. 
Decellularization Protocol 
 CHAPS buffer for 1liter includes 8mM CHAPS, 1M NaCl and 25mM EDTA in 
PBS.  The SDS buffer uses 1.8mM SDS, 1M NaCl, and 25mM EDTA in PBS.  Buffers 
are filter sterilized. Vessels are treated for 1 hour in CHAPS buffer then washed 3x in 
PBS.  Then treated for 1 hour in SDS buffer and washed 3x in PBS. Vessels are then 
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treated overnight with EBM2 with 12% FBS and then stored in PBS with 1% penicillin 
streptomycin at -20°C. 
Stress Strain Analysis 
 The flow system is set up is exactly the same as for the burst pressure 
measurement, with the addition of a ruler that sits alongside the vessel in the same plane 
for reference measurement. The pressure is increased in increments of 25 mmHg up to 
200 mmHg then in 100 mmHg increments after that.  Digital pictures are taken at each of 
the measured pressure increments.  The diameter of he vessel at each pressure increment 
can then be measured using computer software for length and the ruler in the picture for 
reference.  
 The thickness of each of the vessels is measured using a section from histology 
using a microscope at 20X zoom.  The external radius and internal radius of the vessel 
can then be calculated by assuming a fixed vessel surface area.  These numbers can then 
be used to calculate a stress strain curve using the following equations. 
Equation 2: 
 
Where σ is stress, P is pressure inside the vessel and r is the radius. 
Equation 3: 
 




where D sys and P sys are the systolic vessel diameter and pressure, respectively, and D dias 
and P dias are the diastolic diameter and pressure. 
Results: 
Specific Aim 1:  
To characterize human endothelial cells EPCs in vitro.  Confirm morphologic and 
phenotypic properties of EPCs by evaluation of immunohistochemistry and fluorescence-
activated cell sorting (FACS). Mature HUVECs will be used as a control.  
 
Isolation of EPCs and HUVECs 
The isolation of matched EPC and HUVEC lines was successful. Figure 3 
summarizes the four different matched EPC and HUVEC lines that were obtained from 
different donors and labeled by date.  There is one unmatched line of EPCs.  
Figure 4 illustrates the growth curves for one matched set of EPCs and HUVECs 
from 10/22 and an unmatched line of EPCs from 10/31 2 plotted on the same graph for 
comparison.  Growth curves were plotted in days verus total population doublings over 
the course of 49 days (7 weeks). According to the growth curve, each cell line had 
different proliferation potentials with the EPC line from 10/22 being the most robust.  
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Characterization of EPCs and HUVECs 
 Fluorescent staining was performed to compare markers for the matched EPC and 
HUVEC lines from 10/22.  Markers stained for were LDL, CD31, VEGFR2, UEA, 
VeCad, CD45, and vWF (Figure 5). FACs sorting was also performed on the same cell 
lines from 10/22 (Figure 6) for the markers CD34, UEA, CD45, VeCadherin, and CD 31. 
The fluorescent staining and FACs sorting both indicated that the EPCs and HUVECs 
were expressing the same markers.  In particular, the EPC lines were CD 45 negative, 
mostly CD34+, and CD31+ demonstrating that they are EPCs and not endothelial-like 
monocytes. 
Specific Aim 2:  
To evaluate human EPCs in vitro under physiological shear conditions. The 
studies of human EPCs exposed to shear stress will be performed on a novel scaffold and 
tissue engineered grafts.  The morphology of endothelial cells will be analyzed by 
histology and immunohistochemistry.  Endothelial cell function will be evaluated by 
protein analysis of eNOS, prostacyclin, and thrombomodulin.  The mature HUVECs will 
serve as a control. 
Novel Scaffold 
 Pig carotid was selected as the scaffold for the in vitro seeding studies for EPCs 
and HUVECs.  Pig carotid was selected because it was re dily accessible. The flow 
system connectors could be changed to accommodate either the 1mm TEBVs or the 3mm 
pig carotid grafts. 
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 The pig carotid grafts were treated using the described decellularization protocol.  
Figure 7 illustrates the comparison of a fresh graft versus a decellularized graft using 
H&E staining. DNA assay showed 0.92% DNA by dry wt prior to decellularization and 
0.25% post decellularization. The combination of the decreased DNA on assay and the 
lack shown on H&E staining confirms that the scaffold was adequately decellularized.  
Seeding of EPC/HUVECs on Novel Scaffold 
 These studies were designed to be able to compare vi  protein analysis the 
difference between cells seeded on a novel scaffold exposed to varying levels of shear 
(static, low shear, and high shear). 
 Static seeding of cells is illustrated in Figure 8 on a patch of pig carotid.  Cells 
adhere to the pig carotid scaffold at about 60-90% of the surface area.   These results 
were consistent for five different seedings of static patches and was fairly reliable.  
 Two out of four experiments for seeding EPCs or HUVECs on the pig carotid and 
exposing the cells to low shear and high shear have produced grafts with about 50% 
seeding efficiency of the grafts. Figure 9 is DAPI and Phalloidin staining of a HUVECs 
exposed to high shear on a pig carotid graft. The ot r two experiments failed to show 
cells adhered to the grafts.  Figure 10 compares th morphologic difference between 
static EPCs versus EPCs exposed to high shear.   
 Western blots for samples from one of the HUVECs seeding experiments showed 
increased amounts of eNOS in the high shear compared to the low shear samples and 
static patches. Beta-actin was used to confirm similar cell numbers for each of the 
samples. SOD2 was not detected on the western blots (Figure 11).   
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 The results from these seeding studies indicate that w ile the system does work 
and sample isolation for protein analysis is possible, the system is far from optimized 
with an only 50% success rate in obtaining desired seeding. 
 
Specific Aim 3: 
To isolate smooth muscle cells from the human aorta, use these cells to produce 
tissue engineered blood vessels 1 mm in diameter under pulsatile radial distension and to 
successfully decellularize the vessels.    The strength of the vessels will be assessed using 
burst pressure and suture retention strength testing.  The structure of the vessels will be 
evaluated using histology and biochemical compositional assays. 
Isolation Smooth Muscle Cells 
 Cells from donors were isolated and stored for the tissue engineering experiments. 
The ages and sex of donors are listed in Figure 12.   
 
Preliminary Data to Evaluate Bioreactor Newly Designed for 1mm Vessel 
 Two bioreactors, L281 and L282, were set up to initially test the newly designed 
bioreactor, which used a 1mm silicone tubing for the vessel scaffold. Cells were seeded at 
2 million per vessel and allowed to culture for 8 weeks. The media used was laboratory 
protocol bioreactor media using 20% bovine serum.  For both bioreactors, pressures were 
maintained at approximately 200/10 mmHg. Bioreactor L282 was discarded due to 
infection.  Figure 13 summarizes the results of the evaluation of L281 and L281 
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decellularization. Histological staining for H&E and Masson’s Trichrome are displayed 
in Figure 14 and 15.   
 The DNA assay demonstrates the loss of DNA due to decellularization, and the 
absence of nuclei and most genetic material can be noted on the H&E comparison of the 
vessel, pre- and post-decellularization.  
 This preliminary setup to create 1 mm diameter vessels proved to be a viable 
system. While the vessels’ mechanical properties were potentially acceptable for in vivo 
implantation, further optimization would likely yield better results.  The decellularization 
process produced the desired results.  
Evaluation of Tissue Engineered Blood Vessels, Comparing Donors 
 Tissue engineered blood vessels were created usingeach of the different donors 
and mechanically tested for strength (Figure 16).  Vessels were initially seeded with 4.5 
million cells/vessel and allowed to culture for 10 weeks. Pressures were maintained at 
approximately 230/10 mmHg.  In addition, media containing 15% bovine serum and 5% 
human serum was used instead of the traditional bioreactor media. Figure 17 shows L288 
after removal from the bioreactor at the end of 10 weeks of culture. Histological staining 
for L288 and L288 decell is shown in Figures 18 and19.  
 The increased optimization of the system by the addition of human serum, 
increased cell count, and longer culture time yielded far more desirable results. Further, a  
cell line capable of producing vessels stronger than e other lines was determined.  
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Production of TEBV 
 TEBVs were produced using the younger male donors for use in seeding and in 
vivo studies. Mechanical data is summarized in Figure 20. Bioreactors were maintained 
at pressures 230/10 mmHg.  Frequent media changes were introduced so that media was 
changed every 5 days instead of every 7 days. Collagen ssays were performed for 
vessels L288 fresh and decell, L290 fresh and decell, L334 fresh and decell (21). DNA 
assay data for the vessels in Figure 22.  
 The production of TEBVs was highly successful and yielded vessels with 
impressive mechanical properties with increased collagen content compared to vessel 
L281.  The decellularization process continued to yield desirable results with lack of 
DNA on H&E staining and reduced amounts on assay.  
Compliance Testing of TEBV 
 Stress-strain testing of three different TEBV was performed after decellularization 
(L288, L290, and L334) until rupture of the vessel (Figure 23). Compliance was then 
calculated for the three vessels using mean physiological pressures for systolic and 
diastolic (120 mmHg and 70 mmHg) (Figure 24).  This data indicates that all three 
vessels demonstrate minimal elasticity.  
Specific Aim 4: 
To perform in vivo studies using a rat aortic model comparing TEBVs seeded with 
EPCs, with unseeded grafts. The cells will be seeded onto the grafts pretreated under 
shear stress as determined by specific aim 2. The implanted grafts will be evaluated for 
rupture, changes in dimension due to aneurysm, and rate of thrombosis.  The morphology 
 30
of explanted graft materials will be analyzed by histology, immunohistochemistry, SEM, 
and protein analysis. Failing this, a group of unseeded grafts will be implanted and 
evaluated for patency. 
In Vivo Studies: Implantation TEBV in Rat Aortic Model 
No Anticoagulation Implants: 
 Two Rats (Rat 1 and Rat 2) were implanted with .5cm of TEBV L288 decell 
without anticoagulation.  Rats were alive and without deficits for 2 weeks.  At 1 week 
ultrasound of the rats indicated that both rats were completely occluded. CT angiograms 
of both rats were performed at time of sacrifice and demonstrated that both rat aortas 
were occluded. Figure 25 depicts the graft implanted in the rat aorta sutures can be 
appreciated.  No aneurysm formation was noted.  Figure 26 is a still images of the CT 
angiograms for both rats.  Figure 27 is histological H&E staining of the graft post implant 
which demonstrates clot formation, for comparison the H&E of the graft prior to implant 
is included in the figure. 
Anticoagulation Implants:  
 One rat (Rat 3) was implanted with 0.5 cm L288 decell and received an intial dose 
of Plavix prior to surgery and then was given a daily dose for 1 week.  At 1 week, 
ultrasound demonstrated some clot formation but that flow was still occurring and the 
vessel was patent (Figure 28).  Rat was not anticoagulated during sacrifice and CT 
angiogram (Figure 29) and histological H&E depicted clot formation and vessel 
occlusion (Figure 30 and Figure 31). 
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  These preliminary in vivo implants strongly imply that without coagulation these 
TEBVs are highly thrombogenic and that either anticoagulation with Plavix or seeded 
cells may be necessary to maintain patency.  
Ongoing Studies: 
 Currently, six more rats were implanted with 0.5 cm decellularized TEBV using 
daily anticoagulation with Plavix and at 5 weeks four ut of the six rats have been show 
to be patent via ultrasound. 
Discussion 
Endothelial Cells derived from EPCs and HUVECs 
 Four matched lines were successfully isolated from c rd blood and umbilical 
vein.  Two cell lines were selected for fluorescent staining and the staining confirmed 
similar markers for the HUVECs and EPCs.  One line was used for FACs sorting for 
similar markers as well.  The FACs sorting confirmed that the cells were CD45 negative 
and mostly CD34+. Each cell line had clear EC morphlogy under the light microscope 
and high proliferative capacity confirming that these are endothelial cells and not 
endothelial –like monocytes.  Further FACs sorting a d fluorescent staining of each of 
the cell lines would further fill out the data set.   
 One matched line of EPCs and HUVECs and one unmatched line of EPCs was 
selected for a growth curve.  It can be seen that between the EPCs and HUVECs there is 
a marked difference in proliferative potential at the beginning of the curve which tapers 
off around the same passage for the two lines but at very different population doubling 
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totals.  The two EPC lines are also noticeably different. This is not surprising since it has 
been postulated that in the blood there are different types of EPCs that start colonies with 
varying amounts of proliferative potential including those that can reach population 
doublings of over 100 which are the most rare (22,46).  The more robust EPC line is then 
preferable for any seeding experiments. 
Seeding Studies 
 Pig carotid was selected as a scaffold due to its ready availability and that 
previous work in the lab has been successful in seeding studies. The pig carotid was 
decellularized and confirmed using DNA assay to show the lack of intact cellular 
structures.   
 Static seeding of scaffolds were nearly about 90% effective for the number of 
attempts to seed.  The seeding efficiency was about 80-90% of the surface area of the 
graft.  In flow seeding two out of four sets were successful at the seeding with an 
efficiency of 50-60%.  Multiple possibilities exist for the incomplete seeding of the 
grafts.  There could be residual decellularization detergent present in the carotid graft that 
is causing cell death or preventing adhesion.  Decreased decellularization time might 
improve the seeding efficiency. Static time for these ding prior to the start of flow may 
be an important factor as well. In the last set, the cells were allowed to adhere for 6 hours 
rather than 4 hours and this appeared to encourage cell adhesion.  
 Western blots of set 1 of the seeding studies included static, low shear, and high 
shear samples.  There was an increase in eNOS in the hig  shear sample, and none is 
noted in the static and low shear samples. This has been widely shown to be a natural 
response of endothelial cells to high shear conditions (41-45). Beta-actin confirmed equal 
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amounts of cells between samples with relatively similar bands. In addition, phalloidin 
staining of the high shear sample indicates the cells are changing their morphology and 
are aligning to the direction of flow. These preliminary studies confirm that the flow 
system used for seeding grafts has so far been succe sful and can expose the cells to the 
proper amount of shear stress necessary to affect th  physiology and morphology.  
Further work is necessary to increase seeding efficiency and to work with seeding the 
TEBVs.  Western blotting to observe other proteins that may be increased under shear 
would be ideal.  PCR analysis is also a strong possibility and could be used to determine 
a wide range of data and be more sensitive to smaller increases in expression.  
Tissue Engineered Blood Vessels 
 The original bioreactor design by the Niklason lab was altered to accommodate 
the 1mm in diameter vessel production of TEBVs.  Preliminary testing of the bioreactor 
set up yielded vessels that had rupture strengths of 655 mmHg.  The new bioreactor 
allowed successful culture for the duration of 8 weeks, without infection or mechanical 
failure of the new set up.   
 New human smooth muscle cell lines were successfully isolated, expanded, and 
stored in liquid nitrogen.  Multiple bioreactor setups were done to test the different cell 
lines.  Three different cell lines yielded vessels that varied in mechanical strength.  
Compared to the initial preliminary bioreactor set up, the substitution of 5% human 
serum was employed in the bioreactor media.  Additional changes included a higher cell 
seeding density, and the bioreactor was allowed to progress to 10 weeks instead of 8 
weeks.  The young male donor (18 y/o) appeared to produce the vessel with the best 
mechanical properties.   
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 Suture testing was used to determine the proper strength necessary for 
implantation.  The ability to suture the vessel is cr tical for implantation into the rat aorta.  
In previous lab work vessels with a suture retention >30g was found to be generally 
implantable in rats.  There appears to be some corrlation between burst pressure and 
suture retention in that vessels, with stronger burst pressures also having higher suture 
retention strength.  However, there does appear to be a maximal suture retention strength 
in this study, that regardless of how high how the burst pressure increases, the suture 
retention rate did not increase above 50-55 g.  
 Three further bioreactors were set up using the 18 y/o donor, and one containing 
the 26 y/o donor.  For these set ups, the media changing was increased from every 7 days 
to every 5 days to further encourage cell growth. The collagen assay indicated percentage 
of collagen per dry weight for vessels L288 and L334 ( 5% and 41%) that were 
comparable to native vessel percentages of 39.5% (47). Both of these vessels are from 
the same 18 y/o donor but L334 was subjected to the incr ased media changes. This 
indicates that the increase media changes likely increased the collagen density, thereby 
resulting in greater mechanical strength for burst p essure.  The DNA assay also 
demonstrated that there was a greater % of DNA in 334, indicating greater cell density. 
Vessel 290, on the other hand, demonstrated only 17% collagen and relatively weaker 
burst pressure.  This is consistent with prior work by the Niklason lab that indicates that 
there is a correlation between collagen density and mechanical strength (47, 48).  
 Suture testing of pieces of each vessel indicated that the vessels were similar in 
mechanical strength to each other but likely stronger then the previously produced 
vessels.  On gross inspection the vessels were far thicker then in previous set ups.  Burst 
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pressure of one of the vessels exceeded 2650 mmHg, with mechanical failure of the set 
up preceding the actual rupture of the vessel. These numbers are comparable to native 
vessel that rupture between 2000-3000mmHg (9,47).  
 Stress-strain testing was performed on three vessels, L288, L290, and L334 post-
decellularization.  The curves for both L288 and L334 were both from the 18 y/o donor 
and matched up very closely with L334 rupturing at a much greater pressure but 
demonstrating similar stress strain curves overall.  L290 ruptured around the same 
pressure as 288 but demonstrated greater strain.  Both the curves for L288 and L290 fail 
to achieve the same exponential increase as L334 demonstrating that they rupture prior to 
full collagen recruitment.   
The average compliance for the three vessels was 2.2 (% per 100mmHg) which is 
lower than native vessels (18.7) from prior studies p rformed in the laboratory (47). The 
poor compliance of TEBVs compared to native vessels likely results from poor 
development of elastin fibers and that SMCs used for tissue engineering lack the 
contractility of SMCs in native vessels (47).  Prior studies for elastin in these TEBVs 
have found minimal elastin on staining and we hypothesize that the use of factors to 
promote collagen synthesis (ascorbic acid and bFG) also inhibit tropoelastic gene 
expression. In addition, the tropoelastin in the TEBVs may not be effectively transported 
to microfibrillar networks in the extracellular matrix.  The lack of contractility in tissue 
engineered SMCs may be caused by the SMCs in the TEBVs being guided toward a 
proliferative and synthetic phenotype by the use of PDGF and bFGF, which causes loss 
of the contractile phenotype.  Overall, further work in the encouragement of elastin 
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production in the proper alignment and attempting to uide the SMCs toward a more 
contractile phenotype prior to deceulllarization may yield more compliant vessels (47).   
The production of TEBVs yielded grafts that were mechanically strong and 
comparable to native vessels in burst pressure.  Thre is, however, a clear mismatch in 
compliance between engineered vessels and native and must be taken into consideration 
when contemplating in vivo implantation studies.  
Implantation 
 The TEBVs were decellularized prior to storage. DNA assay of the vessels fresh 
and decellularized indicate a substantial decrease in p rcentage of DNA material as a 
fraction of dry weight. In addition, H&E staining of the vessels demonstrate a general 
lack of genetic material compared to the fresh vessels. 
 Initial testing implantation of two decellularized unseeded grafts of vessel L288 
was performed in two rats without the use of anticoagulation. Rats survived for 14 days 
and no noticeable deficits were apparent.  However, ultrasound on day 7 indicated 
complete occlusion of the graft with collateral vess l development which was later 
confirmed by CT angiogram.  The vessel on explant showed no rupture or aneurysm of 
the vessel.  This initial testing implies that the grafts are thrombogenic when used without 
anticoagulation or seeded with endothelial cells. 
 The next rat implant was done with 7 days of anticoagulation.  Ultrasound at day 
7 showed clot formation but continued vessel flow.  CT angiogram at rat sacrifice 
showed occlusion but this was likely due to the fact that the rat was not heparinized prior 
to sacrifice allowing the clot that was present at the time to become fully occluded.   
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 These initial experiments suggest that the exposed collagen in the TEBV is 
thrombogenic even in a high pressure and high-flow arterial model such as the rat aorta.  
The vessels strength and size match is not an issue.  To address the thrombogenicity 
issue, the next phase of the in vivo experiment would include seeding of the TEBV with  
EPCs and further testing of unseeded vessels with antico gulation.  
A current ongoing implantation study of six rats using daily anticoagulation have 
shown patency of four out of the six grafts at 5 weeks according to ultrasound. Further 
data will be obtained after explantation in the coming weeks. 
This study suggests that anticoagulation may prevent th  clotting during the initial 
24 hours, which may be crucial to maintaining patency.  After a few days, it is also likely 
that circulating cells will begin to layer on the TEBV creating an intima layer on the graft 
without the use of seeded cells.  
Summary 
 For this project, the specific aims of 1 and 3 were completely met: the isolation 
and characterization of endothelial cells, the isolati n of new smooth muscle cell lines, 
the production of mechanically robust 1mm TEBVs, and the successful decelluarization 
of these vessels.  While specific aim 2 the seeding studies has been successful, more 
work is necessary to completely fill out the data set and increase the seeding efficiency. 
The work further needs to be translated to the 1mm TEBV with the use of newly 
designed flow chambers to accommodate the smaller vessels. The future direction of this 
work would be the continuation of the seeding studies and, ultimately, the implantation of 
the seeded TEBV into the rat aortic model as outlined i  specific aim 5 for a comparison 
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to the unseeded TEBV.  Currently, testing of the unseeded vessels with daily 
anticoagulation is underway in the laboratory.   
 Another potential further possibility of this project is the production of these 
human TEBV with various sizes in diameter.  For this project, 1mm diameter was 
preferable to give a proper size match for the rat aor a.  A smaller diameter may be 
possible for a size match in a mouse aorta (0.6mm dia eter) for more precise remodeling 
studies.  Increasing the diameter to 3mm which was the initial size of the bioreactor in the 
Niklason lab could also be accomplished.  
 Currently there is no prosthetic material suitable for small diameter applications.  
The implications of this project are very interesting because it may provide a solution to 
this problem.  These small diameter TEBV are strong e ough to not form aneurysm or 
rupture.  While production time is about 10 weeks the vessels themselves can be stored 
for at least 2 months without degradation. If thrombosis can be prevented by either the 
seeding studies or anticoagulation, these vessels have igh potential.  Further, with the 
seeding studies ideally the EPCs would be derived from the patient themselves through 
something as minimally invasive as a blood draw. This would create a customized graft 
for the patient that could be prepared in advance of the procedure.  If the anticoagulation 
is successful at maintaining patency of the graft the TEBVs would provide a readily 






EBV- Tissue engineered blood vessel 
EPC- endothelial progenitor cell (includes endothelial cells from colonies derived from 
endothelial progenitor cells) 
HUVEC- human umbilical vein endothelial cell 
EC- endothelial cell 
BMC- bone marrow cell 
PGA- polyglycolic acid 
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Figure 3: Endothelial Cells derived from EPCs and HUVECs Lines. 
Date Cell Lines 
10/22 EPCs, HUVECs 
10/29 EPCs, HUVECs 
10/31 1 EPCs, HUVECs 
10/31 2 EPCs, HUVECs 
10/31 3 EPCs 
 

















Figure 7. H&E Staining of Fresh versus Decellularized Vascular Tissue. 
 
Figure 8. Static Seeding of Pig Carotid using HUVECs. 
 




Figure 10. Shear vs. Static Morphology demonstrating alignment of cells. 
 
 
Figure 11. Western Blotts for eNOS and beta actin in HUVECs seeded onto Pig Carotid 
and exposed to shear stress. 




Figure 12: Smooth Muscle Cell Donors 
Date Age Gender 
7/20 50 M 
10/12 12 F 
10/12 30 F 
10/23 18 M 
10/24 26 M 
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Figure 13: Evaluation of Vessel L281 
  L281 Fresh L281 Decell 
Burst Pressure  655 mmHg 355 mmHg 
Suture 25g 15g 




Collagen  14.75% 36.21% 
 






Figure 15. Trichrome Staining for L281 fresh and decell. 
 
 
Figure 16. Mechanical Testing Comparison of Different Donors 




L287 12F 822 25 
L288 18M 1650 50 








Figure 17. Photograph of L288. 
 
Figure 18. H&E Staining for L288 and L288 Decell 
 








Figure 20. Mechanical Testing Data for vessels L326, L328, L333, and L334. 




L326 18M - 50-55 
L328 26M 1800 50-55 
L333 18M >2650* 50-55 
L334 18M - 50-55 
*Testing system for burst pressure experienced technical prior to graft bursting. 
 
Figure 21. Collagen Assay Data for TEBVs. 





Figure 22. DNA Assay for TEBVs fresh and decellularized. 
Vessel Fresh % DNA Vessel Decell %DNA 
L288 0.46 288 0.028 
L290 0.53 290 0.00005 






Figure 23. Stress Strain Curve for L288 (blue), L290 (pink), and L334 (green). 
 
 
Figure 24. Compliance Data for vessels calculated using physiologic pressures for 
diastolic and systolic.  










Figure 26. Still Images from CT Angiograms for Rat 1 and Rat 2. Both demonstrate 























Figure 27. Histological H&E staining of the graft L288  post implant from Rat1. For 
comparison the H&E of the graft L288  prior to implant is included in the figure. 
 
 




L288 post-implant in Rat 1 
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Figure 29. CT angiogram of Rat 3 Implant demonstrating occlusion. 
 
 
Figure 30. H&E of Rat 3 Implant, 10x Resolution. 
 
Figure 31. H&E of Rat 3 Implant, 20x Resolution. 
 
Graft- 
occluded 
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